INTRODUCTION
The nonlinear effect of natural gas flow in reservoirs is stronger than that of liquid for the fact that natural gas has not only large compressibility but strong pressure sensitivities in viscosity and compressibility factor. Most partial differential equations describing the liquid flow in porous media are weak nonlinear; however, most partial differential equations describing gas flow in porous media are strongly nonlinear. The systematic research on gas flow in porous media was pioneered in the development of natural gas reservoirs (Muskat, 1946) .
Currently, analytical approaches (McWhorter, 1990; Shan et al., 1992; Ge, 2002) such as linearization and nondimensionalizing (Taklifi and Aliabadi, 2012) techniques are commonly conducted to handle nonlinear partial differential equations describing percolation processes of liquid and gas, which leads to a difference in the linearized percolation equation and the original percolation equation. The solutions of weak nonlinear equations obtained by linearization techniques can approximately predict the percolation performance of natural gas in gas reservoirs. Approximate analytical solutions (Katz, 1959) obtained by linearizing the flow equation for an ideal gas were found to be of limited general use because of the assumption regarding the natural gas as an ideal gas. However, the solutions of the strong nonlinear partial differential equations for gas percolation obtained by linearization technique may lead to unacceptable errors. Numerical methods Huyakorn et al., 1994; Panday et al., 1995; Pennington et al., 1999; Douglas et al., 2003) such as the finite difference method or finite element method are used to solve nonlinear partial differential equations describing gas flow in porous media. Unfortunately, numerical methods to solve nonlinear partial differential equations inevitably lead to numerical dispersion. The numerical dispersion may induce false physical phenomena and mask qualitative and quantitative features of the solution. There are currently no general analytical methods used for solving nonlinear partial differential equations of gas percolation in porous media. The object of the article is to present a mathematical model describing natural gas percolation in gas reservoirs and seek a robust onedimensional analytical solution to predict pressure distribution features for gas reservoir development. Exact analytical solutions of one-dimensional unsteady gas percolation at low and high pressures were obtained by the coordinates transform approach. To validate the mathematics, we gave numerical solutions via finite difference for two cases of low and high pressures. The comparison indicates the analytical solutions for low and high pressure are matched well, which validates the traveling wave analytical solutions. Key parameters determining gas percolation performances at high pressure are analyzed by the exact analytical solutions.
MATHEMATICAL MODEL

Assumptions for the Mathematical Model
The mathematical model was developed under the following assumptions:
1. Natural gas flow in porous media is isothermal.
Reservoir rock is uncompressible.
3. Gas in reservoirs is compressible. 4. Gas viscosity is pressure-dependent.
5. Natural gas flow in reservoirs is governed by Darcy's law.
One-Dimensional Gas Percolation Mathematical Model
For gas flow in most natural reservoirs, Darcy's law is generally suggested to describe flow performance due to pressure gradient (Ayala et al., 2006 ). Darcy's law indicates a linear relationship between the fluid velocity and the pressure gradient. Therefore, Darcy velocity for gas is written as
∇P (1) where K is the absolute permeability tensor of the porous medium, µ g (P ) is viscosity of the natural gas, P is pressure, and ∇ is the gradient operator.
Equation of Gas State
Gas expansion (Jin et al., 2012) or compressibility in porous media may induce much differences in performances between gas and liquid flows. Based on the equation of the ideal gas, a compressibility factor is introduced to improve the relations of pressure, temperature, volume, and mole mass. The equation of natural gas state is
where V is gas volume of n mole at the given pressure P and temperature T . Z is the compressibility factor. Equation (2) can be rewritten as
The Conservation Equation
The conservation equation for gas flow in porous media is
where ρ g is gas density, ϕ is porosity of the porous media, and ∇· is divergence operator. For one dimension, the left side of Eq. (4) is expressed as
and the right side Eq. (4) is written as
Therefore, Eq. (4) can be rewritten as ∂ ∂x
At the initial time, the pressure keeps a constant,
The pressures at boundary 0 and L are supposed as
and
SOLUTION OF GAS PERCOLATION AT LOW PRESSURE
During natural gas flow in porous media, the pressure is low enough that compressibility factor can approximately be regarded as a constant (Tiab and Donaldson, 2004) . Meanwhile, the viscosity of gas only changes slightly with pressure change, so it can be looked as a constant, that is, µ g (P ) ≈ µ gc . Therefore, the equation
is rewritten as ∂ ∂x
If we define ω = (ϕµ gc )/K, then Eq. (12) is changed to the following form:
∂ ∂x
The next section is the detailed steps to solve Eq. (13) with respect to translation in space.
Exact Analytical Solution
For Eq. (13), we define ξ = x − ct; then the derivatives of pressure with respect to space and time are as follows:
Substitute Eqs. (14) and (15) into Eq. (13), and then d dξ
The integral of Eq. (13) is
Supposing the integral constant C 1 is zero, then
A further integration for Eq. (18) is
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Considering the following boundary conditions:
then C 2 = P e , c = P e − P w ωL
Replacing ω with (ϕµ gc )/K, then
Equation (23) is the exact pressure analytical solution for one-dimensional natural gas percolation at low-pressure condition.
Validation of the Exact Analytical Solution at Low Pressure
To validate the analytical solution, we solved the problem numerically with finite difference at low pressures. We suppose L = 0 m, P e = 2.0 MPa, L = 50 m, P e = 1.0 MPa. Dimensionless pressure and distance are defined as P = P (x, t)/P e and ξ = ξ/L. Figure 1 shows that the exact solution is matched well by numerical solution when inner and outer boundary conditions are specified.
FIG. 1:
Comparison between exact and numerical solutions for unsteady flow at low pressures.
NATURAL GAS PERCOLATION AT HIGH-PRESSURE CONDITION
The Steps to Solve Natural Gas Percolation at High-Pressure Condition
Mahdi and Fariborz (2011) regard the viscosity of gas in porous media as a constant. However, both the compressibility factor and viscosity of natural gas in reservoirs are not constants at high pressures. According to Gopal's formula for compressibility factor obtained by matching Standing-Katz's data (Gopal, 1977) , the compressibility factor can be written as
During the natural gas production, the temperature in gas reservoirs almost keeps a constant, thus, whether P r is larger than 5.4 or not, compressibility factor can be written in the following general form:
According to Herning's viscosity chart (Herning and Zipperer, 1936) , the viscosity of natural gas can be regressed as the following expression:
where a, a 1 , b ′ , and b (b = b ′ /P c ) are coefficients, µ 1g is the viscosity at 1.0 atmospheric pressure, and P r is pseudo-critical pressure. Equation (7) can be written as
Suppose the integral constant to be zero, then the integral of Eq. (29) is given by
Let ε = −a 1 µ 1g c(ϕ/K); Eq. (30) can be expressed as
The integration for Eq. (31) is
If ξ = 0, P = P e , then
Equation (36) is the exact pressure analytical solution of one dimensional gas flow in porous media at high pressure.
The Effects of Key Factors on Pressure
Characteristics of Natural Gas at High-Pressure Condition Figure 2 indicates the viscosity of natural gas depends on both pressure and coefficient b. When the pressure is less than 4 MPa or b is less than 0.2, the pressure and b have slight effects on gas viscosity. The viscosity dramatically increases when b is larger than 0.2 at high pressures.
FIG. 2:
Effects of coefficient b and pressure on the viscosity of natural gas (a 1 = 2.0, µ 1g = 0.00002 Pa.s).
Supposing at the boundary, x = 0, pressure satisfies P = P e , the dimensionless pressure at x = 0 is P x=0 = 1.0, and at ξ= 0, dimensionless distance is ξ = 0.0. The effect of viscosity coefficient b on pressure is shown in Fig. 3 . The increase of the coefficient b leads to dramatic declines near the region of the inner boundary (x = 0). The decline characteristic is caused by the rapid decrease in the viscosity of natural gas induced by pressure decline. To validate the analytical solution at high pressure, we gave the numerical solutions by finite difference at low pressures with different viscosity coefficients. Figure 3 shows only small deviations between the numerical and analytical solutions at high pressures with relative high viscosity coefficients. It implies the traveling wave solutions of natural gas flow in porous media are validated at high-pressure conditions. Figure 4 gives the effects of velocity of travel (coefficient c) wave on the distribution dimensionless pressure. The increase of the coefficient accelerates the pressure decline. The decline characteristic is approximately linear along the dimensionless length when c is less than 0.0001 m/s. The increase of the coefficient leads to a nonlinear decline. The porosity also has obvious effects on pressure curve (Fig. 5) . Figure 6 shows the effects of permeability on the distribution of dimensionless pressure. The decrease in permeability accelerates the pressure decline and leads to an increase in pressure gradients along the distance. 
CONCLUSION
1. A mathematical model of gas percolation in gas reservoirs is developed to predict gas flow performances in natural gas reservoir.
2. Exact analytical solutions of one dimensional unsteady gas flow in porous media at low and high pressures were obtained by the coordinates transform approach. These analytical solutions are validated by comparison with numerical solutions.
3. The analytical solutions lead to obvious errors for prediction pressure distribution when ignoring pressure's effects on gas viscosity and compressibility factor for gas percolation at high pressure.
4. The parameters such as viscosity index, permeability, and porosity are key factors to determine the characteristic of pressure distribution in porous media. Both the increases in viscosity index and porosity accelerate the pressure decline along the distance. The decrease in permeability leads to an increase in pressure gradients along the distance.
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